INTRODUCTION
The acquisition and consolidation of long-term memory may be divided into discrete temporal phases, as has been demonstrated using amnesic agents like protein synthesis inhibitors (Ng & Gibbs, 1991; Davis & Squire, 1984) . These interventive studies suggest that the triggering of molecular mechanisms during memory consolidation has consequences that outlast the initiating stimulus by 'many hours' (McGaugh, 1966; 2000; Doyle et al., 1992; Mondadori et al., 1991 Mondadori et al., , 1994 . One consequence of learning, observed across species and paradigms, is an alteration in synaptic number and/or structure (Bailey & Kandel, 1993; Doubell & Stewart, 1993; Hunter & Stewart, 1993; Weiler et al., 1995; O'Malley et al., 1998 O'Malley et al., , 2000 Toni et al. 1999 (Bailey et al., 1996; Mayford & Kandel, 1999) . Most notably, cyclic AMP response element binding protein (CREB)-mediated gene transcription is required for memory consolidation, and CREB homologues are detected in species as diverse as Aplysia, Drosophila, rodents, and humans (Frank & Greenberg, 1994; Silva et al., 1998) . Although mutation analyses have confirmed the conserved role of CREB in long-term memory and LTP, several aspects of its function remain unclear (Bourtchuladze et al., 1994; Yin et al., 1994) . For example, in mice, long-term memory deficits induced by CREB mutation may be overcome by increasing training sessions and/or the inter-trial interval (Kogan et al., 1996) . This suggests the timing of CREB activation to be of importance, an aspect supported by antisense-mediated CREB disruption studies in which amnesia for a spatial learning paradigm is dependent on times of administration and recall (Guzowski et al., 1997) . CREB-mediated gene transcription is regulated at several levels, but most prominently by phosphorylation of serine 133 that is required for the nuclear translocation and transcription of genes containing the cAMP response element (CRE). Nevertheless, temporal activation of CREB-mediated transcription and the nature of the transcribed proteins associated with memory formation remain to be elucidated.
In previous studies, we have mapped the temporal regulation of protein synthetic events that are involved in learning-associated synaptic growth in the hippoeampus (O'Connell et al., 1997; O'Malley et al., 1998 O'Malley et al., , 2000 . Specifically (Fox et al., 1995 (Mayhew, 1992) . Subsequent to a 30-min post fixation in 0.1% (w/v) osmium tetroxide, the slices were dehydrated and flat embedded with epoxy resin by routine methods. Polymerization of the resin permitted the hippocampus to be excised from the brain slices and re-embedded in resinfilled capsules. Using an ultra-microtome, we identified the re-embedded hippocampus and isolated the dentate gyms; semi-thin sections were taken. In serial sections stained with 1% toluidine, the changing form of the granule cell layer could be discerned. This distinctive change allowed a 'frame match' to be sought, whereby a series of 18 consecutive sections corresponded to the changing form of granule cell layer that was observed over the distance recorded for the serial sections For the ultrastructural analysis, from within the same defined dentate region, 10 serial ultrathin sections of gold interference color were cut and collected in pairs on coated slot grids (2 x mm). Further semi-thin sections were then removed for a distance great enough to preclude double counting, yet sufficiently small to ensure that future ultrathin sectioning remained within the desired area. On average, two series of ultrathin sections were taken per re-embedded dentate slice. Ultrathin sections were stained using uranyl acetate (5% (w/v) in dH20) and lead citrate (0.3% (w/v) in 0.1 M NaOH). Sections were examined in a JOEL 1200EX electron microscope at an accelerating voltage of 80 kV.
Stereology
The density of dendritic spines in the dentate middle molecular layer region was estimated using the double disector, an unbiased stereological method (Sterio, 1984) . In this method two serial sections are photographed, the first of which is designated the reference section and the second the look-up section. Photomicrographs were printed to a f'mal magnification of X23,000. Within an unbiased counting frame (Gundersen, 1977) a(fra) is the area of the counting frame (West & Gundersen, 1990 ).
Section thickness (h) was determined using the minimum fold technique (Small, 1968 In the dentate, nuclear levels of the activated (phosphorylated) form of CREB showed two variations over the post-training range of 0 to 24 h, the first occurring at 2 to 3 h, the second at 12 h. At each of the two time points, a comparative decrease in phosphoCREB expression occurred when compared with that at all other times analyzed (Fig. 2) . The first decline in CREB phosphorylation may relate to a generalized reduction in the activity of the CREB/ATF family of transcription factors because ATF phosphorylation also appeared to decrease at this period, although this effect was not quantified. Nevertheless, reduced phosphorylation was specific to CREB at 12 h post-training. Thus, taken together, our results suggest that the variation in frequency of HC cells and CREB expression in the 0 to 24 h post-training interval is biphasic with simultaneous troughs at 2 h and at 12 h. This combined morphologic and biochemical evidence points to episodes of protein synthesis inhibition at 2 to 4 h and 8 to 12 h following acquisition of a passive avoidance task. (Bailey et al., 1992; Mayford et al., 1992; Schuster et al., 1996) . Moreover, we demonstrated that in the rat, a similar clearance of NCAM from the cell surface is initiated 3 h post passive avoidance training (Foley et al., 2000) . Other proteins also function as inhibitory restraints on memory storage and are similarly targeted for degradation, as evidenced by the transient upregulation of C-terminal hydrolase, the rate-limiting protein in the ubiquitination pathway, in the same time period Foley et al., 2000; Hedge et al., 1997) . Another major target for learning-associated proteolysis is the regulatory subunit of protein kinase A (PKA), the removal of which results in persistent PKA activity (Hedge et al., 1993) (Impey et al., 1996 (Impey et al., , 1998 (Bemabeu et al., 1997) . The observation of decreased phosphoCREB expression in the 12 h post-training period is unique. This decrease may precede a much later requirement for protein synthesis, as may be associated with the involvement of L1 in the 15 to 18 h post-training period of avoidance learning in the chick (Tiunova et al., 1998) .
In the present study, at a synaptic level both protein synthesis and phosphoCREB expression at 6 h post training correlated with increased spine density in the dentate gyms. Thus, our results suggest the existence of a post-learning temporal synchronism among the three variables of CREB phosphorylation, HC cell number, and spine formation. The decreased level of phosphoCREB and HC cell number, seen both before and after the 5 to 7 h post-training period, implies a redeployment of cellular synthesis machinery for the purpose of spine formation. A comparison with na'fve animals and those assessed at later post-training times indicates that the synaptic growth in this period is transient and represents a true increase over basal levels without a prior synaptic clearance. In vitro models of synaptic growth have shown that CREB phosphorylation is directly correlated with increased spine density, and that PKA inhibition prevents spine growth (Murphy & Segal, 1997) .
Thus, it is likely that the transient nature of synaptic elaboration may be directly regulated by the CREB-mediated transcription of essential proteins. In light of the established morphoregulatory role of CAMs, these proteins must represent major candidates for mediating morphological synaptic change (Doherty et al., 1995) . In both avian and mammalian learning models, the action of CAMs has been isolated to a critical 6 to 8 h post-training period of glycoprotein synthesis that coincides with synapse elaboration (Arami et al., 1996; Doyle et al., 1992; Murphy & Regan, 1998; Scholey et al., 1993; Skibo et al., 1998) . Moreover, long-term potentiation produces an increase in NCAM 180 positive spine synapses (Schuster et al., 1998) . Combined with the findings of the present study, it is plausible that decreased protein synthesis is CAM related, with downregulation facilitating the loosening of synaptic contacts before altering the network properties of neural circuits. Subsequently, protein synthesis in the 5 to 7 h post-training period contributes to the synaptic growth that is necessary for memory consolidation. But the transient role of the hippocampus in memory (Kim & Faneslow, 1992 ; Zola-Morgan & Squire, 1990 ) predicts that such synaptic stabilization is temporary. Thus, phospho-CREB downregulation at 12 h supports this view, whereby this episode of memory consolidation within the hippocampus, centered on the 6 h posttraining period, is accompanied by decreased protein synthesis and a repression of CREBmediated transcription.
